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High intensity x-rays at an advanced light facility were used to probe the strained atomic spacing of Cu interconnects embedded in ultralow-k dielectrics of different porosities. The assumption that the strain-free atomic spacing of a thin film can be extrapolated from a relationship based on the material stiffness coefficients used in literature is tested and demonstrated experimentally using a series of blanket wafers. This is used to calculate the stress of 100 nm interconnects. High porosity materials show in-plane relaxation reducing the stress. The air gap architecture is shown to provide little constraint with the lowest Cu stress. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3133345͔ Stress induced by deposition, thermal treatment, and loading is present in all structural components of every size and can have both favorable and detrimental effects. An understanding of stress in the automotive, aeronautical, and construction industries is necessary to make such components reliable. This is also true for the semiconductor industry where the structural integrity of submicron "interconnecting" wires can affect reliability.
1 X-ray diffraction is widely used as a nondestructive technique 2 to determine the stress state of metal grains by precision lattice parameter measurements using Bragg's law, 3 =2d sin . This relates the condition for constructive interference to the wavelength and incident angle on the axis to lattice spacing d or atomic spacing a, following a = d͓h 2 
In recent years, a number of groups have applied the x-ray diffraction technique to investigate interconnects in the damascene stack at dimensions down to 200 nm, demonstrating the role of the confining barrier, 4 cap/passivation, 5 and dielectric 6 on interconnect stress.
The continued scaling of integrated circuits brings the need for new materials to reduce interconnect delay. 7 The addition of highly porous materials, introduced to lower the effective k-value of the back end stack, requires consideration of the structure's mechanical stability. 8, 9 In this study, the stress of interconnects scaled to a line width of 90 nm and embedded in advanced organo-silicate-glass ͑OSG͒ dielectrics are measured, using porosities of 7% ͑k = 3.0͒ and 25% ͑k = 2.5͒. Finally, the impact the novel air gap architecture has on interconnect stress is evaluated.
Measurements were performed on parallel lines prepared with equal line-to-space ratio. Cu lines of 90 and 500 nm width were fabricated in porous SiCOH low-k dielectrics. Air gap samples were prepared by decomposition of the dielectric following chemical mechanical polishing. 10 All samples were passivated with an 8 nm SiCN layer to prevent oxidation. The grazing incidence x-ray diffraction ͑GIXRD͒ geometry ͓Fig. 1͑a͔͒ was used to measure the in-plane strain as described by Besser et al. 11 Incident at a low angle, x-rays diffract from planes perpendicular to the surface normal. By aligning the scattering vector ͑Q͒ parallel and perpendicular to the line orientation, Bragg's law is satisfied by planes running along the direction of the line or across the line width. Thus, a direct measure of the strain in the line length and width ͑ x and y ͒ is possible. The -2 geometry ͓Fig. 1͑b͔͒, was used to measure the out-of-plane strain ͑ z ͒ satisfying Bragg's law with planes belonging to the films dominant texture.
The stress state ͑͒ of a uniform thin film is biaxial and can be determined from a single strain measurement using a one-dimensional generalization of Hooke's law = E, where E is the elastic modulus. However, pattering a film produces a nonuniform strain distribution. Further passivation adds constraint in a third axis, producing a triaxial stress state and a stress tensor is needed: ij = C ijkl Ј kl , where C ijkl Ј is the tensor describing the stiffness coefficients of the crystal referred to the ͓111͔ coordinate system using the transformation given in Refs. 12 and 13. This leads to the formation of equations for the triaxial stress, 
where, x is defined along the line length, y across the line, and z out of plane, as shown in Fig. 1͑c͒ .
The calculation of strain, and hence stress, requires knowledge of the strain-free atomic spacing, a 0 , according to kl = ͑a kl − a 0 ͒ / a 0 . A standard reference cannot be used, owing to small shifts in the atomic spacing induced by impurities. Thus, a 0 must be calculated using Cu samples prepared in a similar manner. This can be done for thin films using a blanket sample. A strain in the plane will cause the opposite strain out of the plane, through Poisson's relation. Therefore, the strain on a uniform blanket film varies from positive to negative when the lattice is rotated through 90°, and there is an angle where the atomic spacing is equivalent to a 0 . This assumes a linear a versus sin 2 relationship, 2 where a x is at = 90°and a z at = 0°. A linear relationship is demonstrated in Fig. 2͑a͒ using the three available ͓311͔ planes measured with the sin 2 method. 2 Therefore, the strain-free angle 0 can be calculated using a 0 = ͑a x − a z ͒sin 2 0 + a z ͓from Fig.  2͑a͔͒ and solving Eqs. ͑1͒ and ͑2͒ for a x , assuming x = y ͑for an equal biaxial strain͒; and calculating a z from Eq. ͑3͒, assuming z = 0. Hence,
͑4͒
This equation has been extensively used in previous studies. [4] [5] [6] 13 However, to the authors' knowledge, this assumption has never been validated in the literature. To test the hypothesis and determine an accurate strain-free parameter for further experiments, a series of blanket Cu wafers with different annealing conditions were measured. If the assumption is correct, although each sample may differ in stress, the samples should give the same strain-free state independent of annealing condition. Figure 2͑b͒ shows the measurements for the blanket samples plotted on a sin 2 graph. The change in stress between the annealing conditions can be observed, and their intersection shows the experimental 0 and associated a 0 . The estimated 0 of 0.422 ͓Eq. ͑4͔͒ compares well with the experimental value of 0.392, showing only a 10 −5 Å standard deviation in atomic spacing, around two orders of magnitude lower than the changes in strain observed and comparable to the measurement error. This demonstrates Eq. ͑4͒ is a valid approximation for the strain-free parameter. Figure 3 shows the stress for interconnects embedded in the 7% and 25% porosity materials calculated using the strain-free parameter determined above. The stress is lower in the higher porosity material. This can be attributed to relaxation of the strain across the lines ͑ y ͒ as the high porosity material is more compliant, which lowers individual stress components following Eqs. ͑1͒-͑3͒. The reduction in stress with increasing line width suggests that the dielectric spacing influences any relaxation. Furthermore, the linear shift in y with dielectric spacing ͑line width͒ indicates the dielectrics absorb a fixed percentage of the total strain energy. The outof-plane stress ͑ z ͒ is negative for the wider lines, with little effect of porosity. A lower tensile stress ͑or compressive stress͒ is expected as the constraint in the out-of-plane axis is less significant. This allows the wider lines to behave more like a plate, and develop the large negative strain also seen in Fig. 2 for the blanket films. The dielectric has little effect as most of its constraint is in the plane, weakly coupled to the out-of-plane axis by the thin capping layer. Figure 4 compares the hydrostatic ͑volume average͒ stress for the low-k integration schemes, showing the increase in porosity has a significant effect on the Cu stress. Although the integration of porous dielectrics offers a solution to reduce interconnect delay in future technology nodes, air with a k-value of 1 is the ultimate dielectric material to minimize capacitance between metal levels. The introduction of air gaps is mechanically interesting, with an ultimate elastic modulus of zero. The low constraint offered only by the thin sidewall diffusion barrier and passivation in the air gap structure results in an 80% drop in hydrostatic stress when compared to the 7% porosity material ͑Fig. 4͒. Such a low constraint will affect the formation of voids and shorts ͑hillocks͒, and limit the reliability of air gap structures. 14 In summary, the strain-free atomic spacing of a thin film was experimentally determined by equating the lattice parameter of a series of blanket Cu wafers with different stress when rotated through psi-space. This shows close agreement with an estimation used elsewhere, derived using a single blanket film and the ratio of the material stiffness coefficients for thin film Cu independent of annealing condition. Thus, demonstrating the single wafer assumption is valid for thin film materials. Using this strain-free parameter, the effect of porosity scaling in OSG low-k dielectrics on the stress of 90 nm Cu interconnects was studied, demonstrating that dielectric porosity is important when defining the stress state of advanced interconnects. The high porosity compliant materials result in Cu with a lower stress due to relaxation in the plane, and air gaps show the lowest stress as the constraint on the lines reduces toward zero. 
